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I.  Preliminary Statement. 
The sensitivity of Ciona intestinalis  to light furnishes an unusual 
opportunity for analysis of the receptor process occurring in the sense 
organ.  This is because a  sudden increase in illumination produces a 
vigorous and clear cut response on the part of the animal.  Such a re- 
action  to  a  source  of stimulation, which in  itself may be measured 
accurately and controlled with comparative ease, makes the sensory 
behavior of Ciona amenable to a strict, quantitative treatment.  My 
experiments were therefore concerned, first, with the localization of 
the photic sense organs, and second, with variations in the magnitude 
of the stimulating agent under conditions calculated to throw light 
on the nature of the sensory process. 
The species used is identical with the Ciona intestinalis common in 
the  Mediterranean  .Sea and  along  the  European  coast  (Ritter  and 
Forsyth, 1917).  At San Diego, California, it is to be found in enor- 
mous numbers attached  to piles,  and forming thick carpets  on  the 
under side of floats.  In fact, the hundreds of individuals employed 
were all taken from a single float in San Diego Bay? 
II.  7~hotic Sense Organs. 
1.  Ciona possesses two qualitatively different means of reacting to 
light.  In one case  the response is  a  general one,  involving the  or- 
ganism as a  whole.  In the other the activity is confined to the lo- 
1  My thanks are due to the Scripps Institution for enabling me to come to the 
station at La Jolla, and to the director, Dr. Win. E. Ritter, and his staff for the 
many courtesies extended to me during my stay. 
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cality  which  receives  the  stimulation.  I  shall  describe  the  latter 
first because of its  comparative insignificance in  the experiments to 
be presented. 
The body of Ciona may be roughly divided into three parts: an an- 
terior region occupied by the siphons and extending below the inter- 
siphonal  neural mass;  a  posterior region containing the viscera and 
reproductive organs; and a  middle region composed in  the main,  of 
the  translucent  branchial  sac.  The  posterior  region  is  practically 
insensitive to light.  The anterior region, with the notable exception  of 
the area around the neural mass, is similarly insensitive.  The middle 
portion, however, is quite responsive to photic stimulation. 
Light focussed on different parts of this  area resulted in a  purely 
local  contraction  of  the  circular  and  longitudinal  muscle  fibers. 
When a part of this area on one side was exposed to light, the animal 
curved on its long axis toward the exposed side.  By repeatedly ex- 
posing first one side and then the other to this local stimulation, the 
animal  could be  made  to  curve back  and  forth  at  will.  A  similar 
motion was  secured by alternately exposing the dorsal  and  ventral 
edges  of  an  animal.  As  a  result,  it  would  swing  back  and  forth, 
dorsally and ventrally, subject to the frequency of stimulation. 
This  sensitivity persists  in  its  original  strength  after  the  intersi- 
phonal ganglion has been removed, showing its independence of cen- 
tral  control.  That  we  are  not  dealing  here  with  a  case  of  direct 
stimulation of the muscular tissue  (Parker, 1916)  is shown by its be- 
havior  under  chloretone anesthesia.  When  a  Ciona  is  placed  in  a 
solution of chloretone in sea water it loses this local photic sensitivity 
simultaneously with its irritability  to  touch and  to  another type of 
light stimulus which will presently be shown to be undoubtedly medi- 
ated  by  a  nervous mechanism.  In  all  probability  there is  present 
here a  neuromuscular complex similar to  the nerve net of lower in- 
vertebrates,  which is  sensitive  to light.  Evidence for the existence 
of  such  a  nerve  net  has  already been  presented  by Jordan  (1908) 
on the basis of his work on the mechanical stimulation of Ciona. 
2.  Under ordinary conditions of experimentation,  this  sensitivity 
and its local response are entirely masked by the other, more general, 
reaction to light.  When a Ciona as a whole is exposed to a source of 
illumination, it reacts by a  vigorous retraction of its siphons  (Nagel, SELI6  HECHT  149 
1896).  If the intensity of the stimulus is great,  this may be accom- 
panied by a  shortening of the animal on its long axis.  This retraction 
reflex has  already  become familiar  due  to  the  work  of Loeb  (1902) 
and of Jordan  (1908)  among others  (see Hecht,  1918,  b)  especially in 
its relation  to  the removal of the ganglion of Ciona. 
It is  the  response  of  Ciona  by means  of the  retracting  reflex  that 
forms the basis of the experiments which  follow. 
3.  The orange or red pigment spots on the rims of the siphons are 
a  prominent characteristic of ascidians.  Ciona  possesses eight on the 
oral  rim  and  six  on  the  atrial.  These pigmented  masses have  been 
called  ocelli  on  the  assumption  that  they  are  the  photoreceptors  of 
Ciona. 
Experiments designed  to ascertain  the location  of the photic  sense 
x)rgans showed  that  the  anterior pigment spots were not sensitive  to 
light.  A  beam  of  light  focussed  upon  them  failed  to  produce  the 
characteristic  reaction.  Moreover,  their  complete  removal  in  no 
way interfered  with  the  sensitivity  of  the  animal.  The  protocol  of 
Animal 25.1  gives the details of such an experiment. 
Time. 
11.00 
2.25 
2.35 
2.44 
2.50 
4.30 
4.37 
4.44 
4.50 
7.41 
7.49 
8.00 
10.00 
Ani~nd  25.1. 
In dark room. 
Exposed to light, 120 candle power, reaction time ............  3.5 sec. 
"  "  "  120  "  "  "  "  ............  3.3  " 
"  "  "  120  "  "  "  "  ......  .. .....  3.3  " 
Dirty translucent test of animal removed. 
Exposed to light, reaction time ............................  1.7 sec. 
"  "  "  "  "  ............................  1.4  " 
"  "  "  "  "  ............................  2.2  " 
Rims cut away to remove the ocelli of both siphons. 
Exposed to light, reaction time ............................  1.4 sec. 
"  "  "  "  "  . ...........................  1.6  " 
"  "  "  "  "  ............................  2.0  " 
"  "  "  "  "  ........................  ....  1.9  " 
Of  fourteen  animals  operated  in  this  way,  two  were  killed  acci- 
dentally. The remaining  twelve  all  gave  the  same results  as  the one 
presented in  detail.  It is  clear,  therefore,  that  these  pigment  spots 
are  not  photoreceptive  organs  (cf.  Hecht,  1918,  b). 
It has already been shown  that although  the general body surface 
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eral body sensitivity could not therefore account for the retraction 
reflex.  By exploring the body with a small beam of light, I found that 
the seat of this photic sensitivity was in the small area occupied by the 
intersiphonal  ganglion  and  its  related  structures.  When  light  was 
focussed on  this  spot  alone  the reaction given by Ciona  was  in  all 
particulars the same as when the animal as a whole was illuminated. 
No other region of the body possessed this property.  As an example 
of many similar experiments the record of Animal 30.5 is given. 
Animal 30.5. 
Time. 
11.40 
11.45 
11.50 
11.58 
1.57 
2.08 
8.15 
Part stimulated. 
Entire body. 
Oral ocelli. 
Ganglion region. 
Atrial ocelli. 
Ganglion region. 
Reaction time. 
8ea~. 
13.1 
No reaction. 
5.0 
5.2 
5.8 
No reaction. 
4.8 
It  will  be  noticed  that  the  reaction  time  to  stimulation  of  the 
ganglionic region is  less  than  for  the exposure  of  the  entire  body. 
This is because the light used for spotting the ganglion region was con- 
centrated to a small area by means of a lens.  It will be shown pres- 
ently that  the reaction time varies inversely as the intensity of the 
light. 
It  is  difficult to  say which  of  the  several  organs  composing  the 
neural  mass  contains  the  photoreceptors.  Experiments  with  the 
opaque Ascidia atra of Bermuda (Hecht, 1918, b) have shown that its 
phofic sensitivity may be demonstrated only by stimulating the dorsal 
wall of the inside of the oral siphon below the ring of tentacles.  This 
corresponds to the position of the dorsal tubercle, a structure  which, 
in Ciona, is closely affiliated with the ganglion.  However, though I 
performed many operations involving the removal of the entire neu- 
ral  mass,  as  well  as  only portions  of it,  the  results  were of rather 
doubtful interpretation. 
The difficulty probably lies in  the fact that  a  disturbance in  the 
integrity of the neural complex interferes with the conduction of im- SELIG IIECHT  151 
pulses in  this  region  (Fr6hlich,  1903).  Consequently it was impos- 
sible to make a  finer localization  of the sense organs responsible for 
the general photic reaction.  The presence of the sense organs in the 
definitely  circumscribed  region  of  the  ~aeural mass,  however,  is  de- 
cisive  and  clear  cut.  In  a  medium  sized  individual  this  structure 
occupies a  volume of about  1  cc.  or less.  In  addition  it  should  be 
pointed out that  this area of sensitivity is colorless  and  contains  no 
apparent  pigment  of any kind  (cf. Wenrich,  1916, p.  306).  For  the 
most part  the  structures  are  transparent;  the ganglionic  mass itself, 
however, is glistening white. 
HI.  Analysis of Reaction Time. 
1.  The  appearance  of  the  retraction  reflex  as  a  result  of  photic 
stimulation possesses one very important property.  This is the pres- 
ence of a  reaction  time representing  the interval  from the beginning 
of the exposure to light up to the moment when the retraction  takes 
place.  This interval may be measured accurately with a stop-watch, 
first,  because it  is  of rather  long duration,  and  second,  because the 
appearance  of the retraction  reflex is sudden and  clear cut. 
The reaction time of any individual Ciona to a  given intensity of 
light shows almost no variations from a constant quantity.  In Table 
I  are given the reaction times of three animals  to the same intensity 
of light taken at different times of the day.  When not exposed to the 
light, the animals were all kept in a dark room.  From these figures it 
will be seen that  the reaction time represents  a  quantity which may 
be reproduced under  a  given set of conditions. 
TABLE  I. 
Light Intensity,  4,880 Candle Meters. 
Animal 3.1  Animal 3.2  Animal 3.3 
Time.  Reaction time.  Time.  Re,  action time.  Time.  Reaction time. 
8~C.  sec.  8ec. 
1.56  2.8  1.57  1.9  1.59  3.6 
4.27  3.2  4.28  2.1  4.30  3.9 
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2.  Before this study had proceeded very far it became clear that the 
reaction time could not be reduced below approximately 1.5 seconds. 
No matter how intense the stimulating light, this interval was always 
maintained.  To  explain  this,  I  adopted  the provisional  hypothesis 
that the reaction time was not a simple interval but that.it contained 
at  least  two components.  This indeed, was soon found to  be  true, 
when experiments were made to determine how much of the reaction 
time was actually devoted to the reception of the photic stimulus and 
how much was concerned with a real latent period. 
By exposing an animal for a shorter time than its reaction time, an 
interval was found during which it was not necessary for Ciona to be 
illuminated.  At the end of this interval it reacted as usual although 
at  the time of reaction, like the hydroids used by Loeb and Waste- 
neys (1917),  they were in the dark.  The reaction time is  therefore 
composed  of  two  parts.  The  first  is  a  sensitization  period  during 
which  Ciona  must  be  exposed  to  light.  The  second  is  a  latent 
period during which Ciona need not be illuminated in order to react 
at the end of the period.  With a little practice the sensitization period 
could be  regulated to  within  0.2  second.  An  example is  given by 
Experiment 8.6. 
Experiment 8.6.  "Light  Intensity,  743 Candle Meters. 
Time. 
8.34 
9.18 
10.00 
10.35 
10.58 
11.32 
12.02 
1.19 
Time exposed. 
8~C. 
3.6 
3.5 
2.0 
1.0 
1.5 
1.5 
2.0 
2.0 
Reaction time. 
3.6 
3.5 
3.5 
No reaction. 
3.7 
3.4 
Result: Sensitization period =  2.0.  Latent period =  1.5. 
With the duration of the sensitization period we shall be concerned 
later,  because it varied with the intensity of the light.  The latent 
period, however, showed itself to be a  constant quantity under con- 
siderable  variations  in  intensity.  A  series  of 53  determinations of SELIG HECHT  153 
the latent period of nineteen animals gave 1.76 seconds as the aver- 
age duration of this portion of the reaction time. 
3.  The latent period must include the time for transmission of the 
stimulus and kindred phenomena.  There is evidence to show, how- 
ever, that a great portion of it is concerned with a process occurring 
in the sense organ itself, as is shown in Experiment 9.4. 
Experiment 9.4.  Light Intensity 4,880 Candle Meters. 
Time.  Time exposed.  Reaction  time. 
1.31 
2.31 
2.53 
3.24 
3.41 
3.47 
4.22 
4.43 
2.4 
2.3 
0.2 
0.5 
0.8 
1.0 
1.0 
2.1 
aec, 
2.4 
2.3 
No reaction. 
7.6 
3.6 
2.8 
2.3 
2.1 
It will be  seen that, within limits,  the shorter the exposure  time 
(sensitization period)  the longer the reaction time, and consequently 
the latent period.  The latent period in the main must therefore take 
place  in a  locality where it may be  immediately influenced by the 
amount of light energy received.  This would indicate that it is the 
outward manifestation of the duration of a  process within the sense 
organ itself. 
4.  The existence of a  latent period of nearly 2  seconds is hardly 
to be considered as an advantage to the life of the species.  The ordi- 
nary daylight of  southern  California is  deleterious to  Ciona.  The 
animals  die  very soon  in  an  aquarium  in  diffuse daylight.  When 
placed near a  window they contract and perish in a  day, whereas in 
a dimly lighted room or in the dark they remain in excellent condition 
for a  week or more.  They are normally found on the under side of 
floats. 
The  comparatively  long  delay  in  responding  after  a  sufficient 
stimulus has been received cannot thus be of assistance to the ani- 
mal  in  its  response  to  a  noxious  stimulus.  It  must  therefore  be 
attributed to the duration of a chemically necessary process occurring, 
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IV.  Effect of Intensity. 
1.  In  order  to  study the  effect of different intensities  of ]ight  on 
the  duration  of the sensitization  period,  a  single  source of light  was 
used.  This  was  a  Mazda  lamp  of  120  candle  power.  By keeping 
it  at  different  fixed  distances  from  the  animal,  six  intensities  were 
secured, as given in Table II. 
Ten animals varying in size from 3.5 to 10.5  cm. were used for this 
experiment.  It may be said at  once that no difference in sensitivity 
was  found  for  individuals  of  different  size.  The  reaction  time  of 
each  animal  to each  of the  six intensities  of  light  was  determined 
three  times;  thus,  eighteen  observations were made  on each animal. 
TABLE  II. 
1  2  3  4 
Intensity (I).  Reaction time.  Sensitization period  (t).  I  X  t 
candle meters 
521 
743 
1,180 
2,080 
4,880 
9,920 
S¢C. 
11.25 
8.89 
5.98 
3.59 
2.72 
2.24 
Sea. 
9.49 
7.13 
4.22 
1.83 
0.96 
0.48 
4,944 
5,298 
4,980 
3,806 
4,685 
4,762 
Average  ..................................................  4,746 
The  determinations  were  purposely  scattered  over  a  period  of  12 
hours  so  that  any  fatigue  effects would  be  avoided.  In  Table  II, 
Column  2,  are  given  the  average  values  for  the  reaction  times  of 
the  ten  animals.  Each  figure  represents  an  average  of 30  determi- 
nations.  In addition the data are plotted in Curve A of Fig. 1.  From 
both  these  sources  it  is  apparent  that  the  reaction  time  varies  in- 
versely as the intensity.  In  Column  3  are given  the vahies  for the 
sensitization  periods  corresponding  to  the  different  reaction  times. 
These  were  calculated  by  subtracting  the  duration  of  the  latent 
period,  1.76 seconds,  from  the reaction  time "values. 
2.  On the supposition that the sensitivity of Ciona depends upon a 
photochemical  reaction,  the  relation  between  the  intensity  of  the SELIG  I:[E  CET  155 
light  and  the  sensitization  period  should  be  expressed  by  the  re- 
ciprocity law as  found by Bunsen and  Roscoe  (1862).  This  states 
that  for  a  given  photochemical  effect  (E)  a  definite  quantity  of 
energy is required, and this same result is obtained whether the in- 
tensity  (I)  is  high  and  the  exposure  (t)  short  or  conversely.  In 
other words, 
/~= k.I.t  (1) 
The applicability  of  this  law has  been  demonstrated by  Blaauw 
(1909)  and by Fr6schel (1909)  for the photic reactions of some plants, 
and by Loeb and his coworkers for the orientation of several species 
of  animals.  In  Ciona, its  existence would  be  demonstrated if  the 
product  of  the  intensity  and  the  sensitization  period  were  a  con- 
stant  quantity.  In  Column 4  of Table II are given the values ob- 
tained.  It will be seen that the figures agree well with one another 
and with the average value. 
The matter may be illustrated graphically.  The equation repre- 
senting the Bunsen-Roscoe law may be written 
E 
=  k. x  (2) 
t 
In this form, it represents the equation of a  straight line.  Since, in 
E 
Ciona, E  is constant,  -; may be represented by the reciprocal of the 
sensitization period, and the relation between this  quantity and the 
intensity should be represented by a straight line.  Such indeed is the 
case, as shown by the position of the points in Curve B  of Fig.  1. 
3.  In  terms of the processes  that  go  on in  the sense organs,  the 
applicability of the reciprocity law means that during the sensitiza- 
tion period the light must form a  constant quantity of a  substance 
before it  can  produce its  stimulating  effect.  Undoubtedly this  in- 
volves  the  conversion of a  photosensitive substance into  something 
else which acts as an  "inner stimulus."  Many such photosensitive 
substances are well known and have been studied with considerable 
care  (Sheppard,  1914). 
With  a  more precise presentation  of the  dynamics of the photo- 
chemical reaction in Ciona we shall deal in a  following section.  At 
present, however, I wish to emphasize a corollary to the fact that  the 156  PHOTIC  SENSITIVITY  OF  CIONA  INTDSTINALIS 
photic reaction proceeds according  to the Bunsen-Roscoe rule  as in- 
dicated  in  equation  (1).  It  is,  that,  with  a  given  intensity  of illu- 
mination,  the  sensitization  period indicates  the  quantity of stimulus 
received by the animal.  The photochemical effect (E) will vary with 
the  duration  of the  exposure  (t)  when  the intensity  (I)  is  constant. 
/Z  2./ 
II 
,'o  ~.7 
6  °gv~ 
4  a~ 
Ol 
0  2.000  ~000  6000  800o  /~  uou 
L  /_xo  b;k  _l'nte,  o  ~i~ -I- Candle-me~ra 
FIO.  1.  Curve  A  gives relationship  between  intensity  of  light  and  reaction 
time of Ciona.  This curve is an hyperbola as is shown by Curve B representing 
the relation between the reciprocal of the sensitization period and intensity. 
The reaction time at any moment may therefore be used as a measure 
of the amount of photochemical effect necessary in order to act as a 
stimulus  in  the  sense  organ.  In  this  way we may investigate  the 
sensitivity  of  Ciona  under  different  conditions  in  order  to  gain  a 
clearer insight into  the photochemical process which underlies it. SELIG m~cnX  157 
V.  Dark Adaptation. 
1.  Under ordinary circumstances, Ciona remains expanded in diffus  e 
light.  The  stream  of sea water flows steadily through  its branchial 
sac  except  for  certain  rhythmic  interruptions  presented  in  detail 
elsewhere  (Hecht,  1918,  a).  Similarly,  the  animal  becomes  non- 
responsive after a  time when placed in a  lower or a higher intensity 
of illumination.  After such adaptation  it fails to react to a  decrease 
in  the  intensity  of  the  illumination  but  responds  vigorously  to  an 
increase.  On remaining for some time in the dark---becoming "dark 
adapted"--it  is sensitive  to the light of an ordinary Mazda  lamp. 
6 
/O 
I 
9.'00 
0 
I0.'00  #.'00  /2.'00  /.'00 
"]Tme 
-O 
FIG. 2.  Course of dark adaptation  of Ciona represented  by reaction time at 
different periods of sojourn in dark  room. 
The process of dark adaptation was followed in some detail.  Ani- 
mals which had been in the light for a few hours were removed to the 
dark room and their responses to light noted at regular intervals.  A 
constant  intensity  was  used,  so  that  any variations  in  the  reaction 
time would serve to indicate corresponding variations in the quantity 
of stimulating  agent required  to cause a  reaction. 
The results were regular  and  fairly uniform.  The process of dark 
adaptation required at least 2 hours; usually more.  At first the reac- 
tion time was long,  then it shortened rapidly,  then more slowly, and 
finally at the end of 2 or more hours it re~ched a  constant minimum. 
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the  curve represent  the  averages of  the  reaction  time of  two  indi- 
viduals which were used in this particular experiment. 
At any given point, the duration of the reaction time (really of the 
sensitization period)  measures the quantity of light energy required 
by  the photochemical system  to  produce a  response  of Ciona.  In 
terms of the Bunsen-Roscoe law this, in addition, measures the pho- 
tochemical effect, and consequently the amount of photosensitive sub- 
stance  which must  be  changed before  the  retraction  reflex can  be 
elicited.  The curve in Fig. 2 shows this quantity to be at first large, 
then smaller and smaller.  At the end of the process of dark adapta- 
tion it becomes constant at its minimal value.  The interpretation of 
these  changes  will be considered in the  photochemical  system  now 
to be presented. 
VI.  Nature of Photochemical System. 
1.  The decomposition of a photosensitive material by light presup- 
poses the formation of such a substance and its  deposition within the 
sense organ.  The nature and dynamics of the formation and decom- 
position of the photosensitive material must be  consistent with  the 
four phases of the phofic behavior of Ciona.  First,  it must explain 
the ability of Ciona  to  come to sensory equilibrium in any intensity 
of light.  Second, it must  be  clear  why under given  conditions the 
reaction time to a definite increase of illumination is constant.  Third, 
the process must be consistent with the Bunsen-Roscoe rule for the 
relation between intensity and sensitization period.  Fourth, it must 
indicate  the  basis  of  the  regular  change  in  the reaction time that 
occurs during dark adaptation. 
2.  The  simplest  assumption  which  will  account  for  all  the  phe- 
nomena observed is that we are dealing here with a r,versible chemical 
reaction.  A photosensitive material (S) is formed from its precursor 
(.P),  the reaction being of the first order and following the ordinary 
laws of such processes.  It may be of a higher order, but the assump- 
tion is made for the sake of simplicity.  The action of light upon the 
photosensitive material (S) is to change it back into its precursor (P). 
In accordance with current photochemical knowledge such a reaction 
will  follow the Bunsen-Roscoe rule.  A  reaction which in many re- 
spects  resembles  the  system  suggested  here,  is  the  conversion  of SELIG  HECHT  159 
anthracene  into  dianthracene  by light,  and  its  reversal  in  the  dark 
(Sheppard,  1914,  p.  214). 
Let us consider the reaction which occurs normally,  and  of course 
in  the dark,  and which is supposed to regenerate  the photosensitive 
material  from  its  precursor  (P--~S).  The  curve  in  Fig.  3  indicates 
the process on the basis of the ordinary velocity curves for chemical 
reactions.  The  formation  of  the  photosensitive  material  (ordinates 
at  the right)  proceeds at first rapidly,' then  it loses speed gradually, 
and finally it reaches a point of equilibrium which represents a definite 
ratio between the concentration  of the sensitive material  and its pre- 
cursor.  The important thing to be noticed in the curve is the change 
o 
/ 
f 
-- 
]Ttr~e  ~  PiovrJ 
FIO. 3.  Hypothetical  curve of reaction P ~  S based on data of Fig. 2. 
in the quantity of precursor (ordinates to the left) during the reaction. 
At first the amount  of this substance is large,  then it decreases rap- 
idly,  then  more  slowly,  and  finally it  reaches  a  constant  minimum. 
On comparing  this rate of change with the one undergone by the re- 
action time during  dark adaptation it is seen that  the two run  quite 
parallel.  It has been assumed that the action of the light during the 
sensitization period causes the photosensitive material  to be changed 
into its precursor.  This means  that  the variation  in  the  amount  of 
the precursor formed at the successive reactions during dark adapta- 
tion  is  in general  similar  to  the  change  in  the  amount  of precursor 
still unused in the chemical reaction.  From the relationship between 
these two variables we must conclude that, in order to act as a stimu- 160  PHOTIC  SENSITIVITY  OF  CIONA  INTESTI2CALIS 
lus in the sense organ, the quantity of precursor formed by the stimu- 
lating light bears a definite ratio to the amount already present.  As 
a matter of fact the curve in Fig. 3 is not a  theoretical one, but was 
actually constructed from the data of Fig. 2, on the assumption that 
the  ratiobetween  the  precursor  formed and  the  precursor  already 
present is as 1: 10.  The fact that it resembles the ordinary velocity 
curves  for  chemical  reactions  strengthens  the  force  of  the  above 
explanation. 
The necessity for the acquisition of a  constant ratio between pre- 
cursor formed and precursor present, before stimulation can occur, is 
essentially  the  requirement  of  the  Weber-Fechner  concept.  This 
states that the amount of stimulus necessary to produce a perceptible 
increase in sensory effect represents a  constant fraction of the quan- 
tity of stimulus that has previously been applied.  Waller (1895)  has 
already shown  that  the Weber-Fechner law is  dependent upon  the 
processes that go on in the sense organ and not in the transmitting 
mechanism or in the central nervous system. 
3.  It is necessary now to show how the photochemical system sug- 
gested above can account for the sensory phenomena in Ciona.  The 
investigations of such reversible reactions as proposed here, in par- 
ticular the work of Luther and Weigert (1905)  on the polymerization 
of anthracene by ultra-violet light, give us some idea of the processes 
occurring in our reaction system: 
"dark" 
P~S 
light 
The stable condition is that of the sensitive material S  in the dark. 
Starting with the precursor P  in the dark, it changes spontaneously 
to  S.  Light  converts  S  back  into  P.  However,  because  the  re- 
verse  change, _P--*S, is  independent of light,  it  will  be  resumed  as 
soon as some P  has been formed by the light.  Moreover, the more 
precursor (P) that is formed by the light, the greater will be the rate 
at which the photosensitive substance will be formed.  This follows 
from  the  ordinary mass  action  principle.  At  a  given intensity  of 
illumination the two reactions will proceed in opposite directions at 
an  equal  rate,  and  a  "stationary  condition"  simulating  a  chemical SELIG HECHT  161 
equilibrium will be reached, in which the quantity of precursor will 
be  constant.  This will  happen  at  any intensity of light  no matter 
from which direction it is approached. 
Constancy in  the  quantity  of precursor means no  stimulation  of 
Ciona.  We have thus a mechanism which possesses the first require- 
ment for an explanation  of the photosensitivity of Ciona.  This,  it 
will  be  recalled,  is  the ability  of the  animal  to  come into  sensory 
equilibrium at any intensity of illumination.  An explanation of the 
second  characteristic  of  the  sensitivity  follows  from  this  at  once. 
In order to  act  as  a  stimulus  the increase in illumination must  be 
maintained for such a time as to produce a definite fraction of the pre- 
cursor present.  This is constant; therefore, the reaction time will be 
constant.  The third reqflirement is also easily deduced.  The quan- 
tity of precursor required for stimulation is constant.  Since the re- 
action P~---S  follows  the  reciprocity law,  it will  make no  difference 
whether  the  intensity  is  low and  the  sensitization  period  long  or 
vice  versa.  The variation in  the reaction time during dark adapta- 
tion has already been dealt with to show that it depends on the sug- 
gested photochemical system.  The latter  therefore completely ful- 
fills our demands for an explanation of the photic responses of Ciona. 
4.  It should be pointed out that  the proposed  chemical  system is 
the simplest,  but  not the only hypothesis capable of explaining the 
sensory phenomena observed in Ciona.  There are two reactions re- 
quired:  one,  a  "light"  reaction,  and  the  other,  a  "dark"  reaction. 
It has  been assumed that  these  are  the  two phases  of a  reversible 
reaction system.  A  somewhat more complex, yet essentially similar 
hypothesis is  to  consider  the  two  reactions  as  forming a  catenary 
system. 
According  to  this  alternative  suggestion,  a  photosensitive  sub- 
stance S  is decomposed, not into its precursor but into another sub- 
stance DS.  This is the "light" reaction.  The decomposition product 
DS  then becomes converted into  an inert material M.  This is  the 
"dark"  reaction.  Thus 
S ~  DS  (1)  and DS,,dark,, M  (2)  light 
Reaction (1)  occurs in the light and follows the Bunsen-Roscoe law. 
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order to act as a  stimulus the amount of it to be formed by the light 
must  bear  a  constant  ratio  to  the  amount  of DS already present in 
the system.  Reaction  (2)  removes the decomposition product  from 
the  reaction  system.  It possesses the  same velocity and  properties 
as the  "dark"  phase  of the reversible reaction  system presented be- 
fore.  Its occurrence is represented by the process of dark adaptation 
shown  in  Fig.  2,  and  its  course  is  given  by the  curve  in  Fig.  3  in 
which _P represents DS and S  represents M. 
Which  of the  two suggested photochemical  systems comes nearer 
the  truth  future  work must  decide.  The  present  data  may be ex- 
plained in terms of either.  The simpler one is therefore provisionally 
adopted. 
VII.  Repeated Stimulatior~. 
1.  There  are several predictions which may be made  on  the basis 
of the hypothetical  chemical system which has  been proposed.  My 
stay at La Jolla, however, limited me to an investigation of but one of 
these. 
We have seen that  the "dark"  reaction  (P--~S) is a  comparatively 
slow  one,  requiring  several  hours  to  reach  an  equilibrium.  There- 
fore,  if  a  thoroughly  dark-adapted  Ciona  is  stimulated  by light  at 
short interva]s,  say every minute,  practically no new photosensitive 
material  will  be  regenerated  during  a  period  of  about  10  minutes. 
The quantity of precursor however will be continually increased,  de- 
pending upon the duration of the exposure to light.  This follows from 
the  Bunsen-Roscoe rule  which  has  been  shown  to  apply  to  Ciona. 
The quantity of precursor necessary to stimulate must be a  constant 
fraction of the amount of precursor already present.  Therefore, dur- 
ing such a  series of regular stimulations,  the amount of precursor re- 
quired  must  be larger  at  each  succeeding reaction.  The  rate  of in- 
crease in the amount of precursor will be logarithmic,  each quantity 
representing  the same fraction of the sum of the quantities that have 
been formed before.  The sensitization period measures the quantity 
of precursor formed at each reaction.  Therefore, in such a  set of re- 
peated  stimulations,  the  sensitization  periods  should  always  bear  a 
definite ratio  to  the  sum  of the sensitization  periods  that  have pre- 
ceded it. SELIG  HECHT  163 
All  the  experiments  made  to  test  this  prediction  verified  it  with 
amazing unanimity.  Cionas which had been in the dark for several 
hours were exposed to a light of 2,000 candle meters at regular inter- 
vals of 1 minute and the reaction time at each exposure noted.  The 
results of four experiments are given in Figs. 4 and 5. 
The upper curve in Fig. 4 represents the actual data, the moments of 
stimulation  being the' ordinates  and  the sensitization  periods the ab- 
scissa~ (upper scale).  The curve has the usual Weber-Fechner appear- 
ance,  its  logarithmic  nature  being  shown  in  the lower  curve  of the 
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Fio. 4.  Upper  curve gives sensitization  periods of a  Ciona during  regularly 
repeated  stimulation  at  minute  intervals.  Its logarithmic nature  is shown by 
the lower curve which gives the logarithms of the same sensitization periods. 
same figure.  The  lower  curve  has  the  same  ordinates,  but  the  ab- 
scissm  are  the  logarithms  of  the  sensitization  periods  (lower  scale). 
That  the points form a  straight  line is undoubted. 
In Fig. 5 are given the data for three other animals.  The logarithms 
of the sensitization periods are plotted as before, and in each case the 
points very clearly form a  straight  line. 
This series of experiments  therefore is entirely consistent with the 
three cardinal  features of the hypothetical  chemical system proposed 
as an explanation for the photic sensitivity of Ciona.  These are, first, 164  PHOTIC  SENSITIVITY  O~P  CIONA  INTESTINALIS 
that  the  "dark"  reaction  of sensitive  material  regeneration  is  com- 
paratively slow; second, that  the "light"  reaction changes  the sensi- 
tive material  into its precursor according to the Bunsen-Roscoe law; 
and  third,  that  in  order  to  act  as  a  stimulus,  the  light  must  form 
such a  quantity of precursor that  it will bear a  definite  ratio  to  the 
amount  of precursor  already present. 
2.  There is a phase of these data on regularly repeated stimulation 
to which attention has already been called (Hecht, 1918,  c) and which 
must be emphasized.  The individual  experiments  were ended when 
the animal failed to react to the light.  The course of an experiment 
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FIG. 5.  Data  of three  other  individuals plotted  similarly to lower curve  of 
Fig. 4. 
was  therefore  as  follows.  The  reaction  time to  the  same  intensity 
became larger  and  larger  and  finally  the  animal  ceased  to  react,-- 
because  "adapted"  to  the  stimulus.  This  is  the  kind  of  evidence 
which has been used to prove the existence of a  "higher behavior" in 
lower animals  (Kinoshita,  1910).  According to this line of reasoning, 
the increased reaction  time represents  a  process of learning,  and  the 
complete  cessation  at  the  end  a  condition  of  "indifference"  to  the 
stimulus,  or a  state of adaptation. 
I  hope  that  the experiments presented in this  communication  will 
show the futility of such merely verbal explanation.  From the data SELIG  lIE  CI-IT  165 
given  here  it  seems  clear  that  the  entire  process  takes  place in  the 
sense organs  themselves.  The  attainment  of a  condition  of sensory 
equilibrium of Ciona depends upon the existence of a "stationary  con- 
dition"  of  the  reversible  reaction  system.responsible  for  its  photo- 
sensitivity.  Dark  adaptation  represents  such  a  sensory equilibrium 
when  the  "light  reaction"  is  completely  removed.  Rapid  adapta- 
tion to light is essentially the reverse process, in which the "dark" re- 
action is practically absent, and the "light"  reaction is in full swing, 
In these experiments  there is no need either for the postulation of 
a learning process or for the presence of a  "higher behavior" in order 
to rationalize  the results obtained. 
SUMMARY. 
1.  Ciona possesses two means  of responding  to  an increase  in  the 
intensity  of illumination.  One is  by means  of a  local  reaction;  the 
other is by a  retraction reflex of the body as a whole. 
2.  The  "ocelli"  are not photoreceptors.  The photosensitive  area 
is in the intersiphonal  region containing  the neural mass.  This area 
contains  no pigment. 
3.  The reaction time to light is composed of a  sensitization period 
during which Ciona must be exposed to the light, and of a latent period 
during  which  it  need  not  be  illuminated  in  order  to  react  to  the 
stimulus  received during  the  sensitization  period. 
4.  The duration of the reaction  time varies inversely as the inten- 
sity.  Analysis shows the latent period to be constant.  The relation 
between the sensitization period and the intensity follows the Bunsen- 
Roscoe rule. 
5.  During dark adaptation the reaction time is at first large, then it 
decreases until  a  constant minimum  is reached. 
6.  A  photochemical  system  consisting  of  a  reversible  reaction  is 
suggested  in  order  to  account  for  the  phenomena  observed.  This 
system  includes  a  photosensitive  substance  and  its  precursor,  the 
dynamics  of  the  reaction  following  closely  the  peculiarities  of  the 
photosensitivity of Ciona. 
7.  It is shown that in order to produce a reaction,  a constant ratio 
must  be reached  between the  amount  of sensitive  substance broken 
down by the stimulus and the amount previously broken down. 
8.  From  the  chemical  system suggested  certain  experimental  pre- 166  PHOTIC SENSITIVITY OF  CIONA INTESTINALIS 
dictions  were  made.  The  actual  experiments  verified  these  predic- 
tions exactly. 
9.  The  results  obtained  with  regularly  repeated  stimulation  not 
only fail  to  show  any  basis  for a  learning  process  or  for  the  pres- 
ence  of  a  "higher  behavior,"  but  follow  the  requirements  of  the 
photochemical system suggested  before. 
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